ABSTRACT The diamondback moth Plutella xylostella (L.) (Lepidoptera: Plutellidae) is a serious pest of economically important brassica crops such as cabbage (Brassica oleracea Linne). To address the current lack of baseline information concerning predators of P. xylostella, and their potential role as biological control agents, especially in Central America, we aimed to 1) identify predators in northern Nicaragua, and estimate their population densities; 2) assess their killing rate of eggs and larvae of P. xylostella; and 3) assess if predators feed more of smaller P. xylostella larvae. Individuals of selected predator groups were offered eggs, second-or third-instar larvae. Our results indicate that there exists a broad spectrum of predators, within and around cabbage Þelds in Nicaragua that have the capacity to feed on P. xylostella eggs and larvae under laboratory conditions. Predators with the highest killing rates were adult and larval rove beetles (Staphylinidae), sheet weaving spiders (Linyphiidae), and larger jumping spiders (Salticidae). Although all predator densities varied in space and time the consistently most abundant predator groups with the highest consumption or killing rate, and consequently the highest potential for suppressing P. xylostella populations were wolf spiders (Lycosidae) and rove beetles (Staphylinidae), although sheet weaving spiders, jumping spiders, assassin bugs (Reduviidae), and damsel bugs (Nabidae) also can be important. We conclude that those generalist predators exhibiting the highest killing rates in the laboratory should be considered for further study in the Þeld as candidate species with a role in the management of pest P. xylostella.
The diamondback moth Plutella xylostella L. (Lepidoptera: Plutellidae) is a serious and economically important pest of Brassicaceae vegetable crops such as cabbage, caulißower, broccoli, and radish throughout the tropics and subtropics, costing annually an estimated one billion dollars in its management (Talekar and Shelton 1993) . P. xylostella has become an increasingly destructive pest in Central America (Andrews et al. 1992 ) because of farmersÕ heavy reliance on insecticides that has led to P. xylostella developing resistance to most chemicals used to control it (Tabashnik 1986 , Pé rez et al. 2000 . Farmers continue to use chemical pesticides, because alternative control measures that are simple and inexpensive to implement have not been fully developed or not fully acknowledged. This leads to exacerbated problems of resistance, environmental pollution, degradation of important resources such as natural enemies, and signiÞcant hazards to human health (Corriols et al. 2009 ).
Farmers in Tisey, Nicaragua, have reported continuous high densities (above the threshold for spraying insecticides i.e., 0.5 larvae per cabbage head) of P. xylostella in Þelds frequently sprayed with cypermethrin and deltamethrin (F. M., personal communication). High levels of resistance to these compounds are now known to occur in Nicaraguan populations of P. xylostella (Pé rez et al. 2000) . The problems with severe crop damage because of P. xylostella may therefore result from a combination of insecticide resistance in the moth and reduced numbers of insect predators and parasitoids (Hill and Foster 2000 , Cordero et al. 2007 .
Sustainable control of insect pests such as P. xylostella that quickly develops resistance to insecticides needs to be more dependent on natural enemies. A Þrst step in implementing such a strategy is to identify the principal natural enemies having the greatest potential to be effective biological control agents. This Þrst step is especially important in Central America where few such studies have been conducted. It is increasingly acknowledged that effective biological control can be achieved by the combined effect of several generalist predators (Symondson et al. 2002 , Ives et al. 2005 ) because populations of several species of generalist predators, not being dependent on the target species, can often be present in high numbers, even when the target pest is rare. More specialized natural enemies, such as parasitoids, are often unable to provide an early response to a sudden increase in pest density, because of delayed density dependent effects (Symondson et al. 2002) .
Spiders and many generalist insect predators consume large numbers of prey, and cause no or only minor damage to plants. Such predators can reach high enough densities to become important agents in pest control, although at very high densities their numbers may be reduced by territorial behavior and cannibalism (Lee and Kim 2001) . Spiders in particular have long been considered important predators able to help regulate the population densities of insect pests (Pickett et al. 1946 , Dondale 1956 , Duffy 1962 , Kajak et al. 1968 , Dondale 1972 , Tanaka 1989 .
The overall goal of the current study was to acquire information that might serve as the basis for identifying biological control agents for use in cabbage cultivation in Nicaragua, where the investigation took place, and in neighboring countries. Effective biological control of agricultural insect pests could open possibilities for Central American farmers to sell their products as organic and thereby increase their proÞts; this goal is not possible at present because of the high level of insecticide contamination as a consequence of heavy use of chemical pest control. Our approach was to combine Þeld and laboratory studies in order: 1) to identify which predators of P. xylostella occur in cabbage Þelds and to quantify their abundance by counting them in the Þeld; 2) to quantify the predatory potential of the identiÞed species in simple laboratory trials to determine whether different predator groups exhibit different consumption rates (or killing capacities) of prey i.e., eggs and larvae; and 3) to determine whether the identiÞed predators preferentially prey upon a particular size of P. xylostella larvae.
Materials and Methods
The Þeld study took place in Nicaragua during 6 wk; 13 OctoberÐ22 November 2006. The survey was conducted during the growing period called ÔPostreraÕ that lasts from September to December. Our study included six (Þve for P. xylostella larval density estimates) cabbage Þelds (Brassica oleracea variety capitata), situated on six different farms located in the TiseyÐEstanzuela area, 1,500 m a.s.l. (12 o 59Ј N, 86 o 22Ј W). The Þelds were all of a similar size, varying between 0.07 ha and 0.11 ha, with an average size of 0.09 ha.
Plants and Field Survey. Cabbage seedlings were either sown in trays in a greenhouse, or in covered outdoor seedbeds. This difference in cultivation regime did not apparently affect the plants in the Þeld in any way. The seedlings were transplanted by hand in the Þeld, planting out with 0.5 m between plants and 0.5 m between rows. The planting date on the farms varied from 19 to 27 September in ÔPostreraÕ. Eight days after transplanting, the Þelds were fertilized (N P K [12Ð30-10]) at a rate equivalent to 182 kg/ha; 25Ð30 d after transplanting nitrogen (N) was applied at 90 kg/ha. Estimating Densities of Possible Predators and of P. xylostella in the Field. All potential predators (i.e., insects and spiders), were sampled from the cabbage Þelds using a D-Vac (Dietrick Vacuum insect net) as this is known to be a highly efÞcient technique for sampling adult Nabidae (damsel bugs), Araneae (spiders) and Staphylinidae (rove beetles) (Elliott et al. 2006) . Each week during the sampling period six sampling positions were selected in each Þeld by using a grid system and selecting random numbers for the coordinates. Each sample comprised of a 20-s application of the vacuum sampler head over the cabbage plants. The six samples provided a total sampled area of 2.25 m 2 per Þeld. Sampling extended over a period of 6 wk in Postrera 2006. Some predators were caught by hand during these observations and kept alive for later use in the feeding trials.
The most abundant predators collected in the Þelds in Tisey, were identiÞed to order, group, and family and in insects to genera based on morphological characters (Table 1) .
As P. xylostella larvae remained on the cabbage plants on which they hatched, their weekly densities were estimated by counting their numbers on 10 plants at each of Þve random locations in each Þeld. The cabbage plants were not the same plants as plants sampled for predators using the D-Vac.
Rearing of P. xylostella Larvae. Diamondback moths were reared en masse on cabbage leaves in the laboratory to obtain a range of different immature life stages to feed to predators during tests of their killing capacity. The cabbages were raised from seed sown in plastic trays and the seedlings were later transplanted into soil in small pots and maintained in a nursery until they had 12Ð14 leaves. Insects were maintained on the potted cabbage plants within screened cages (50 cm ϫ 50 cm ϫ 50 cm) in a rearing room at 28ЊC and 56 Ð 85% RH.
Killing Capacity. To determine killing capacity (or consumption rate), individual specimens of the most common predator groups were starved for 24 h after they were collected in the Þeld to standardize their (Reduviidae: assassin bugs), we used 8-cm-diameter cups with a volume of 250 ml. Eggs, second-or thirdinstars of P. xylostella were provided as food in separate experiments. Consumption and killing of eggs and larvae were tested with different sets of individual predators. In a different study, the same individual predators were offered larvae of each instar, but in random order. Predators were provided with 20 Ð50% more prey than they were expected to consume in a period of 24 h. The number of prey killed by each predator was counted after 24 h and then daily for up to 13 d or until the predator died (mean ϭ 4.4 d, SE ϭ 0.10; median 5 d). Frass and remains of dead larvae were removed with a soft brush when new larvae were introduced. Eggs were provided still attached to the piece of leaf on which they had been laid.
Data Analyses. Twelve groups of predators were tested for their killing capacity or consumption rate on eggs, and larvae (second or third instar), but only those groups comprising Ͼ5 individuals were included in the analyses. Differences in the killing capacities within the groups of predators were tested for each prey stage (egg and larvae) separately with a twosample t-tests or nonparametric MannÐWhitney tests when data did not fulÞll the assumptions for parametric tests before and after log-transformation (Minitab 2006) . Differences between the two taxa spiders and insects were tested using the same statistical methods as described above.
The differences in mean killing capacities during 5 d among individuals feeding on second or third instars were tested by using paired t-tests within each predator group. In total, 63 individuals from Þve groups were included in the analyses, viz. the spider groups: Lycosidae (N ϭ 12), Salticidae (N ϭ 26), Thomisidae (crab spiders) (N ϭ 8); and the insect groups: Staphylinidae (N ϭ 7) and Nabidae (N ϭ 10).
Results

Density of Predators.
The most abundant arachnid groups in the Postrera 2006 D-vac samples in descending order were the Lycosidae followed by the Salticidae, Tetragnathidae (long-legged orb weaving spiders), Thomisidae and Opiliones (harvestmen); the least abundant groups were the Gnaphosidae (no common name) and Linyphiidae (sheet web spiders) (Fig. 1A) . Among the insects, the Staphylinidae, particularly adults, were the most abundant followed by Nabidae adults and nymphs; the least abundant were syrphids (hover ßy) larvae and adult wasps, Polybia spp. (Fig. 1B) .
Density of P. xylostella Larvae on Cabbage Plants. The mean density of P. xylostella in Postrera 2006 was 0.6 larvae per plant per farm (SE ϭ 0.1; N ϭ 5) which is higher than the threshold density of 0.5 larvae per plant above which it is permitted to manage populations with insecticides in Nicaragua (Diaz et al. 1999) .
No signiÞcant correlations were found between the P. xylostella larval mean densities and the mean spider densities ( Fig. 2A) , the mean densities of insect predators staphylinids and hemipterans (Fig. 2B ) at each the Þve farms during the same time period (6 wk.).
Killing Capacity (or Consumption Rate). Spiders did not predate on eggs and therefore is not analyzed. Staphylinid larvae consumed on average more eggs than adult staphylinids (Fig. 3) , although the difference was not signiÞcant (MannÐWhitney Test; P ϭ 0.09). The egg consumption rate of a few specimens of syrphid larvae (N ϭ 3), Nabis sp. (N ϭ 2) and Reduviidae (N ϭ 3) were also tested during 5 d. The rate of feeding was variable but individuals from all families all readily fed on eggs (range, of mean killing capacity per day ϭ 0.4 Ð 8.2). The highest egg consumption rate was observed for one individual of Nabis sp. consuming on average 8.2 eggs per day (during 5 d.) with a maximum of 15 eggs in one day.
Among the spiders, the linyphiids, lycosids, and salticids killed most P. xylostella larvae (Fig. 4) , while among the insects, syrphids, staphylinids, nabids, and reduviids had the highest killing rates of larvae (Fig. 5) . When provided with second-instar P. xylostella, killing rates varied among predator groups but tended to be higher than when provided with eggs or third-instar prey (spiders: Fig. 4 and insects: Fig. 5 ), except for spiders from the family Tetragnathidae that on average killed signiÞcantly more third instars per day (Fig.  4 , Two sample t-test; T ϭ Ϫ2.4, df ϭ 7 P ϭ 0.048).
The general killing capacity during the Þrst day was higher for insects (median ϭ 4, mean ϭ 5.5, SE ϭ 0.6, N ϭ 102) than for spiders (median ϭ 2, mean ϭ 4.8, SE ϭ 0.5, N ϭ 178, Mann-Whitney Test W ϭ 23678, P ϭ 0.04). When specimens from the two taxa that were feeding for 5 d. were compared no signiÞcant difference in mean killing capacity of larvae was revealed (spiders: median ϭ 3.4, mean ϭ 6.1, SE ϭ 0.6, N ϭ 129; insects: median ϭ 5.1 mean ϭ 6.4, SE ϭ 0.6, N ϭ 82; MannÐWhitney Test, W ϭ 12858.5, P ϭ 0.06).
The highest mean killing capacity was recorded for adult staphylinids (Paederus sp., N ϭ 5) and linyphiid spiders killing, Ϸ12 s-instar P. xylostella per day during 5 d. The maximum killing capacity recorded in the 5-d tests when feeding on second instar prey was one linyphiid spider consuming 50 larvae in one day (mean ϭ 36.8 larvae per day) and a lycosid spider consuming 45 larvae (mean ϭ 34.2 per day). The maximum killing capacity of third-instar prey was 36 larvae in one day consumed by one salticid spider (mean ϭ 27.8 in 5 d). In insects the highest killing rate was recorded for one staphylinid Paederus spp. Individual Killing Capacity on Second-and Thirdinstar Larvae. Predator groups where individuals were provided with second-and third-instar P. xylostella larvae in random order all exhibited a tendency for higher killing capacities on second instar larvae than third-instar larvae, with paired t-tests demonstrating this preference to be signiÞcant among the Salticidae (N ϭ 26; T ϭ 4.25; P ϭ 0.0003), Lycosidae (N ϭ 12; T ϭ 2.41; P ϭ 0.035), and Thomisidae (N ϭ 8; T ϭ 2.91; P ϭ 0.023) (Fig. 6) . The two insect groups tested showed the same tendency but differences were not signiÞ-cant for the Staphylinidae (N ϭ 7; T ϭ 1.85; P ϭ 0.113) or the Nabidae (N ϭ 10; T ϭ 2.23; P ϭ 0.053) (Fig. 6 ).
Discussion
Our results show that several of the spiders and insects collected in the cabbage Þelds have the capacity to kill and feed on P. xylostella larvae in the laboratory. However, while insects fed upon P. xylostella eggs under laboratory conditions, spiders did not. The potential role of the various predators as biological control agents depends on their abundance and consumption rate, and our analyses in these terms indicates that those with the greatest potential to regulate P. xylostella are spiders from the family Lycosidae and insects from the family Staphylinidae. Nevertheless should our results be interpreted with some caution because they reßect the consumption rate and activity during one growth season; the Postrera. Weather conditions affecting activity, abundance of predators, their species composition, and abundance of P. xylostella may vary considerably between growth seasons.
Few studies have explicitly investigated the role of assemblages of several predatory species attacking P. xylostella (Ullyet 1947 , Cordero and Cave 1992 , Hemchandra and Singh 2006 , although rather more have examined individual species (e.g., Muckenfuss et al. 1992 , Roger et al. 2000 , Agarwal et al. 2007 , Almeida et al. 2009 ) and hundreds of studies of parasitoids have been published (e.g., Lloyd 1940 , Bach and Tabashnik 1990 , Cordero and Cave 1992 , Idris and GraÞus 1995 , Rossbach et al. 2006 , Sarfraz et al. 2009 ). Our study thus adds signiÞcant new information to the body of knowledge concerning the generalist predators among the natural enemies of P. xylostella. Ullyet (1947) reported predatory arthropods, including various staphylinids, vespids, chrysopids, hemerobiids, anthocorids, and spiders, to be important sources of mortality of diamondback moth larvae in South Africa. Alam (1992) found the most common groups of predators in cabbage Þelds in Jamaica to be coccinellids (lady beetles) feeding on eggs and young larvae, chrysopids (lacewings) feeding on larvae, syrphids feeding on young larvae, and staphylinids feeding on larvae and pupae. Lycosid spiders were found to reduce numbers of immature stages of diamondback moth in Japan (Nemoto 1986 ). In Malaysia, Lim (1992) reported spiders, coccinellid beetles, pentatomid bugs, phytoseiid mites, chrysopids, and Ophionea carabid beetles to prey upon P. xylostella. Generalist predators among the Staphylinidae occur in many agroecosystems and are often mentioned as important predators of P. xylostella (Sunderland 2002 , Szwejda 2004 ). Syrphids are well-known to be able to reduce densities of aphid pests on brassicas, but their role in the biological control of P. xylostella is less well documented (Vanhaelen et al. 2002) . Some studies indicate that predatory lacewing (Chrysoperla spp.) larvae are potential biological control agents of the diamondback moth (Eigenbrode and Kabalo 1999, Reddy et al. 2002) .
Our studies showed that the consumption of prey varied with predator group, the life-stage of the predator, and the life-stage of the prey. Staphylinid (Paederus spp.) adults had the highest rate of feeding on P. xylostella eggs during 5 d, followed by syrphid larvae and nabids (large nymphs and adults). The bug Nabis kinbergii Reuter and the lacewing Ceraeochrysa claveri Navàs are among the few predators reported to attack P. xylostella eggs (Ma et al. 2005a , Almeida et al. 2009 ). None of the spiders consumed any eggs, which is not surprising because spiders generally only attack moving prey (Enders 1975) . For example, salticids visually locate their prey at a distance, selecting it on the basis of its size and rate of movement (Gardner 1964) , before stalking it and Þnally attacking.
Linyphiid, lycosid, and salticid spiders and the staphylinid (Paederus) and reduviid insects had the highest rates of consumption on second-instar larvae. The most effective predators of large larvae were the lycosids and salticids among the spiders, and the reduviids and staphylinids among the insects. Based on the combined information of abundance and killing rate, the lycosid spiders and staphylinid beetles seemed to Fig. 6 . Consumption rate (or killing capacity) (mean no. larvae/d Ϯ SE; N Ն 7) within the groups of individual predators from spider and insect families when feeding on second (dark gray bar) and third (light gray bar) Plutella xylostella instars of under laboratory conditions. SigniÞcance level of difference in pair-wise t-tests is indicated by asterisks (*** P Ͻ 0.001, * P Ͻ 0.05).
have the greatest potential to regulate P. xylostella populations.
The aim of this study was to identify predators of P. xylostella, quantify their abundance, and to estimate their killing capacity. It is likely that it is a combination of different natural enemies that inßuence P. xylostella population growth during a crop rotation period and between different seasons. The mean densities of P. xylostella larvae, spiders, and insect predators were ßuctuating over time and have not been analyzed in detail here. The actual effect of predator on the prey population is hard to measure without experimental Þeld studies when densities or access of each predator group is manipulated and estimated. However, we tested for an association between the P. xylostella density and the mean density of spiders ( Fig. 2A) and insect predators (Fig. 2B) during the same periods but no correlations were found. A more detailed analysis of densities and growth rates of predator groups and P. xylostella growth rate and density could reveal indicative patterns but need to have a higher resolution at genera or species level and should also be related to e.g., time lags, growing season, weather, insecticide spraying, and crops grown at neighboring Þelds. This information was beyond the scope of this study.
It also should be emphasized that the estimates of predator densities were based on sampling by D-vac technique and will reßect the abundance of the most common predators that are rather stationary and present on the plants during the day. To get the full picture of present predators it is necessary to supplement the sampling by other sampling techniques.
Ground active predators, such as lycosid spiders, have previously been shown to play an important role as biotic mortality factors of immature stages of diamondback moth (Nemoto 1986 , Muckenfuss et al. 1992 and laboratory studies have shown that the lycosid Pardosa milvina (Hentz) may consume about one larva per day of P. xylostella (Muckenfuss et al. 1992) .
Our Þnding that the second most abundant insect predator found in the current study, the Nabidae (Nabis spp.), had a relatively high killing rate and might therefore be an effective natural enemy corroborates the work of Ma et al. (2005b) who found that 67% of Nabis spp. found in broccoli Þelds had eaten P. xylostella.
Other predators of importance were the linyphiid spiders and syrphid larvae. One type of linyphiid, although rarely seen on the plants, had a high consumption rate (Fig. 4) . Syrphids have previously been noted as potential predators of P. xylostella (Szwejda 2004, Wu and Miyata 2005) . Lim (1992) observed syrphids readily preying on P. xylostella in cabbage Þelds, and Charleston et al. (2006) found syrphids on cabbage plants in South Africa. Other insects with a high consumption rate but not frequently found in the Þeld were the reduviid bugs.
The relation between prey and predator size clearly affects the killing capacity because predators usually attack prey smaller than themselves (Roger et al. 2000 , Cogni et al. 2002 . Ma et al. (2005a) have shown that successive stages of immature Nabis kinbergii prey on P. xylostella at increasing rates, and that the number of prey consumed by N. kinbergii decreased as body size of prey increased. Huseynov (2005) found the most frequent prey taken by salticid spiders were other arthropods with a size of 50 Ð100% of the spiderÕs own body length.
In our study we found a clear trend for individual predators to have a higher mean killing rate of smaller sized (second instars) than larger sized prey (third instars). All predators randomly presented with second and third instar P. xylostella larvae over periods of at least 5 d, had higher mean killing capacities on the smaller, second instar larvae than the third instar larvae. This difference was signiÞcant for individuals from the three spider families tested (Salticidae, Lycosidae, and Thomisidae) and for Nabis sp. individuals but not the Staphylinidae (Paedrus sp.). It is notable that Muckenfuss and Shepard (1994) estimated that predators kill, on average, 90% of P. xylostella Þrst-instar larvae. Our study may therefore underestimate the potential role of several predators because we did not include Þrst instars for practical reasons relating to their short duration of only approximately 2 d at the temperatures prevailing at the study site, and difÞcul-ties in handling the small larvae without injuring them. Predators preferring smaller larvae or eggs should be more effective in pest control because consumption rates are normally higher on small prey.
The question remains as to whether generalist predators exist in agricultural landscapes at high enough densities for them to be able to control insect pests like P. xylostella because vegetation complexity, especially of grasses and shrubs cover, is known to be a determining factor governing spider species richness (Riechert 1999 , Johnson et al. 2000 , Whitehouse and Lawrence 2001 , Jimenez and Lobo 2007 . Nevertheless, spider population densities and species abundance in agricultural Þelds can be as high as is found in natural ecosystems (Turnbull 1973 , Riechert 1999 Tanaka 1989 , Brown et al. 2003 .
The role of predators in agroecosystems is widely acknowledged (Symondson et al. 2002) but very few detailed studies have quantiÞed the potential of generalist predators to control P. xylostella populations, partly because it is difÞcult to estimate the real effect of the predators on P. xylostella. In some studies it has been shown that predators can cause 68% or more of the larval mortality of the pest (Lim 1992) , whereas in other experiments it has not been possible to detect any inßuence of predators (Furlong et al. 2004 ). Even basic studies on different predators, especially spiders, are lacking and consequently the role of these predators remains poorly investigated and understood (Ma et al. 2005b ). In the current study we have made some progress to redress this situation by 1) identifying possible predators of P. xylostella, 2) estimating their killing capacity, and 3) estimating their abundance in the Þeld.
Numerous studies have suggested that parasitoids play an essential role in the natural control of P. xylostella (Harcourt 1960 , Pimental 1961 , Talekar and Shelton 1993 . Over 90 species of parasitoids have been reported to attack eggs and larvae of P. xylostella (Goodwin 1979 , Lim 1986 ). However, the sustainable control of insect pests like P. xylostella is unlikely to be achieved with the focus biased too much in favor of only one group of natural enemies. Although parasitoids are often very effective in the later phases of an outbreak, generalist predators may be present in high enough numbers in the early stages of an outbreak to slow down the rate of increase of a pest population. However, ecosystems are often very complex and predators and parasitoids may interact with each other. For example, possible intraguild predation involving P. xylostella has been demonstrated between the predatory bug Podisus maculiventris and the parasitoid Cotesia plutellae, which despite interacting negatively in the laboratory, appeared to have an additive effect in the Þeld (Herrick et al. 2008) . Further studies of similar interactions among natural enemies are needed to Þnd complexes of natural enemy assemblages that act synergistically, or at least do not act antagonistically.
Conclusions
Our study has shown that a broad spectrum of predators collected in cabbage Þelds in Nicaragua have the capacity to feed on P. xylostella eggs and larvae under laboratory conditions. The predator group with the highest potential for regulating P. xylostella because of its high consumption rate and high abundance was lycosid spiders, but linyphiid spiders, staphylinid beetles, salticid spiders and nabid bugs might also be important. The need to learn more about predators is reinforced by the fact that P. xylostella has developed resistance to almost all known insecticides and that there is little evidence parasitoids alone can solve the problem. A combination of control measures, including the promotion of predators and parasitoids, is probably needed to achieve sustainable control.
